We investigated the mechanism by which the large T antigen (T-Ag) of both polyomavirus and simian virus 40 (SV40) promotes homologous recombination in mammalian cells. To this end, we constructed a rat cell line, designated Hy5, that carries two mutated copies of the polyomavirus middle-T-Ag (pmt) oncogene lying as direct repeats on the same chromosome. The structure of the viral insert was devised so that intrachromosomal recombination between the pmt repeats reconstitutes wild-type pmt and yields cell populations amenable to selection for the transformed phenotype. Correction ofpmt by gene conversion occurred spontaneously at a rate of ca. 1.7 x 10-7 per cell generation and was masked by another recombination event that also led to the transformation of the Hy5 cell line. This event was identified as chromosomal inversion and overexpression of the upstream pmt copy as a result of homologous recombination between adjacent pBR322 sequences. Both events were promoted by the polyomavirus large T-Ag by several orders of magnitude, as well as by mutants defective in the initiation of viral DNA synthesis. Large T-Ag also promoted reconstitution of wild-type pmt by unequal exchange between sister chromatids, yielding structures compatible with some of the chromosomal aberrations commonly observed in transformed cells. Our data indicate that large T-Ag has a recombinationpromoting activity that can be dissociated from its replicative function.
Oncogenic transformation by small DNA tumor viruses such as polyomavirus and simian virus 40 (SV40) is a multistep process involving complex interactions between the viral T antigens (T-Ags) and different cellular targets. Although expression of the viral T-Ags may be sufficient to initiate changes of the cellular phenotype, additional events are required for mediating full transformation such as tumorigenesis (5, 10, 11, 27) . The exact nature of these events is presently unknown, but karyotypic instability and mutations in cellular genes are thought to play a causal role in the emergence of subpopulations with increased malignancy and metastatic potential (3, 16) . In this regard, there is evidence that the SV40 large T-Ag itself induces chromosomal aberrations in transformed cells. Genetic alterations can be detected at early times after expression of the viral T-Ag and can occur independently of selection for transformation (6, 29, 35) . Dicentric chromosomes are the most frequent structural alterations observed. Other aberrations include chromosomal breaks and gaps, rings, and minute chromosomes as well as complex rearrangements (25) .
The mechanism by which large T-Ag promotes recombination in the host genome is unclear. It has been known for some time that after integration, the polyomavirus and SV40 genomes can undergo amplification and excision at high rates (4, 9, 22, 24) . Both phenomena require a functional large T-Ag, the viral replication origin, and some homology within the integrated sequences (8) . Several mechanisms leading to excision or amplification have been proposed. According to Botchan et al. (4) , upon initiation of replication at a given proviral locus, multiple rounds of DNA synthesis occur to form a localized onionskin of amplified sequences. This aberrant polytenic structure could represent a favorable substrate for homologous recombination leading to excision or amplification. Other studies suggested that large T-Ag can * Corresponding author.
have a recombination-promoting activity per se, independent of replication (9) . We previously described amplification of a polyomavirus insert in a rat cell line, designated Hy2, that did not occur via the resolution of an onionskin structure. Instead, we proposed that large T-Ag promoted successive duplications of a discrete sequence within the insert by a mechanism involving mispairing between homologous sequences (31) .
To further address the role of the replicative function of large T-Ag in homologous recombination, we studied the effects of mutants defective in the initiation of viral DNA synthesis. We show here that in another cell line, designated Hy5, polyomavirus large T-Ag can promote different recombination events independently of its replicative function and that recombination products are compatible with some of the chromosomal aberrations commonly observed in transformed cells.
MATERUILS AND METHODS
Recombination substrate. pMT97.484 has been described previously (30) . It encodes two defective copies of the pmt gene. The first copy (pmt-Al; Fig. 1A ) was obtained by producing a 30-bp deletion between nucleotides (nt) 1366 and 1397 in the middle-T-Ag-coding sequence so as to impair its transformation properties (1) . The second copy (pmt-A2) is a PstI-HindIII fragment (nt 484 to 1656) lacking the polyomavirus origin of replication, the promoter, and the sequence coding for the first 104 amino acids of middle T-Ag. Both copies are separated by 3.5 kb of pBR322 (HindIII-PstI fragment, nt 29 to 3608) on one side and by 3.3 kb of pAT153 (BamHI-HindIII fragment, nt 375 to 29) on the other side. Figure 1A shows how the plasmid is integrated in the Hy5 cell line. hygro (CG214 x SVHy; a gift from C. Gdlinas) into monolayers of FR3T3 cells, and colonies of hygromycin-resistant cells were isolated. All cell lines isolated in this manner had a normal morphology indistinguishable from that of the parental FR3T3 cell line. After multiple passages in the absence of hygromycin, the cells retained resistance to the drug, indicating that the transgene was stably integrated into the cell genome. The rate of spontaneous transformation was determined by the fluctuation test of Luria and Delbruck (21) . Parallel clonal populations were grown to confluence in 6-mm-diameter Linbro microplates, i.e., sufficiently small populations so that no transformants would be observed in a significant proportion of cultures. The mutation rate is given by the expression a = (-lnPO * ln2)I(Nf -N,) per cell generation, where PO is the proportion of cultures without any transformant and Nf and Ni are the final and initial numbers of cells, respectively.
To express large T-Ag in HyS, cells were retransfected with plasmids of the pneo series (e.g., pneo-LT1) and G418 selection was carried out as described previously (5) . Details on the construction of pneo-LT1 have been described elsewhere (1 (30) . In another cell line, designated Hy5, the upstream pmt copy (pmt-Al) lay between two inverted repeats of pBR322 (Fig. 1A ). Some pmt expression was detected in Hy5 ( Fig. 2A ), but because of the reduced transforming potential of pmt-Al, the cells exhibited a normal phenotype hardly distinguishable from that of FR3T3. To determine whether homologous recombination occurred between the pmt repeats, parallel clonal populations of HyS cells were grown in 6-mm-diameter Linbro microplates, as previously described for Hy2 (30) , and the cultures were observed for morphological transfor- analysis, we determined that Hy5 cells mutated to the transformed state at a rate of 10-5 per cell generation (not shown). A total of 60 spontaneous transformants were isolated, subcloned, and analyzed by Southern blot hybridization. Unexpectedly, none of the transformants lost the sequence between the two pmt repeats, indicating that the pmt-Al defect was not simply corrected by a deletion of the intervening sequence. Only one transformant, designated cg-1, yielded an SstI fragment of 742 bp characteristic of wild-type pmt. Further analysis showed (Fig. 3A) that in cg-l, the 1,616-bp HincII-SstI fragment and the 1,341-bp BamHI-SstI fragment were missing and replaced by fragments of 904 and 629 bp, respectively. This finding indicated that pmt was reconstituted by a gene conversion event that restored the SstI site by repairing the 30-bp deletion in pmt-Al (Fig. 3B) . Surprisingly, in all other 59 transformants, recombination occurred between the inverted pBR322 repeats, resulting in inversion of intervening polyomavirus sequences (Fig. 1C) . The results pertaining to these transformants will be presented elsewhere in detail (29a) . To seek an explanation for their phenotype, two clones were picked at random and analyzed for middle T-Ag. Both transformants (sp4 and sp9) expressed high levels of middle T-Ag ( Fig. 2A) . Inversion was not observed in untransformed Hy5 cells. When 50 flat subclones were picked randomly and analyzed by Southern blotting, they all contained thepmt-A1 copy in the original orientation (not shown). The reason overexpression was associated with chromosomal inversion of pmt-Al is still unclear and will be addressed elsewhere (29a) .
Effect of polyomavirus large T-Ag in Hy5. To assess whether large T-Ag could promote recombination in the viral insert, Hy5 was retransfected with pneo-LT1, a plasmid carrying the polyomavirus large-T-Ag gene (plt) and neo, and the resulting G418-resistant colonies were examined for morphological changes. Although the cells had a normal morphology at the time of G418 selection, transformants appeared during propagation of the colonies in culture. On average, about 20% of the lines established with pneo-LT1 (neo plus plt) became transformed within 9 transformant. It is also possible that some of the recipient cells underwent spontaneous inversion of pmt-Al and that SV40 T-Ag was active only on the inverted insert. Whatever the reason, SV40 T-Ag appeared less efficient than its polyomavirus counterpart in promoting homologous recombination between thepmt repeats. Since SV40 transformants were free of plt sequences that interfered with the probe, they could be analyzed in detail by Southern blotting. In particular, SV-2.10 and SV-11.9 were of special interest because they had restriction patterns already observed in someplt transfectants (two of seven clones analyzed). Thus, resolution of these patterns was undertaken to help elucidate the recombination pathways promoted by SV40 as well as polyomavirus T-Ag. Four transformants containing the 742-bp SstI fragment were analyzed by a variety of enzymes, and the structure depicted in Fig. 6B was obtained for both SV-2.10 and SV-11.9. The main feature of the recombination product is that the insert is flanked by identical cellular sequences in opposite orientation. A possible recombination mechanism involving unequal sister chromatid exchange is presented below (see Discussion). The other two cell lines underwent gene conversion (as in cg-1) together with (or following) inversion ofpmt-A1 (not shown). One of them was mixed with the product shown in Fig. 6B .
Effect of polyomavirus large-T-Ag mutants. To assess whether recombination could be promoted by plt mutants defective in viral DNA replication, we first examined the properties of dl97. The mutation in dl97 is a 30-bp deletion (nt 1367 through 1396) that activates the properties of plt associated with neoplastic transformation (1) . Unlike wildtypeplt, the mutant can fully complementpmt in tumorigenesis as well as in the transformation of primary cells. The mutant activity has been explained by its inability to repli- cate in cells and hence its inability to exert a cytopathic effect after gene transfer at high multiplicity. When pneoLTdl97 was introduced into Hy5, none of 95 G418-resistant colonies became transformed (Table 1 ). This finding indicated that dl97 was unable to promote recombination in the viral insert.
We then examined the effect of another class of plt mutants, designated CR1 mutants because their lesions map in sequences homologous to conserved region 1 of adenovirus ElA, which is thought to be one of the binding sites for pRB, the retinoblastoma gene product (13, 34) . In SV40, CR1 lies in a domain that binds specifically to DNA polymerase a-primase, a cellular DNA replication protein required for SV40 replication (12) . The polyomavirus CR1 mutants were affected in pRB binding only marginally, yet some of them, such as dll3 and 13val, were severely impaired in immortalization (17) . To assess whether these mutants were able to trigger viral DNA replication, they were introduced into Hy5, the recipient cell line, by cotransfection with pPLCAT, a plasmid containing the chloramphenicol acetyltransferase (CAT) gene and the polyomavirus replication origin. pPLCAT was used instead of viral genomic DNA so that the probe would not interfere with the polyomavirus sequences already present in Hy5. The results of typical experiments are shown in Fig. 7 . Although rat cells are only semipermissive for polyomavirus (32) , replication of plasmid pPLCAT was detected in the presence of the wild-type T-Ag or 16val, the mutant with a Leu-to-Val substitution at position 16. By contrast, 13val with the same substitution at position 13 and dl13, with a deletion of residues 13 to 17, were defective in replication. A faint signal was detected when 13val was overexposed (Fig. 7C) represented no more than 0.1% of the wild-type control. The same results were obtained when the assay was performed with primary rat embryo fibroblasts and with permissive mouse 3T6 cells (not shown). Unlike dl97, the CR1 mutants induced transformation of Hy5 independently of their effect on viral DNA replication (Table 1) . Surprisingly, when eight dll3 transformants, picked at random, were analyzed by Southern blotting, five of them contained the 742-bp SstI fragment produced by recombination between the polyomavirus sequences (analysis of four dll3 transformants is shown in Fig. 4C) . Similarly, three of five 13val transformants produced the 742-bp SstI fragment (Fig. 4C ). This finding indicates that the replication-defective mutants were as efficient as wild-type plt in promoting homologous recombination between the pmt repeats.
Recombination rates. Because high mutation rates cannot be determined by fluctuation analyses, we previously developed a theoretical model to evaluate recombination rates from Southern blots (2). The procedure involved scanning autoradiograms such as those of Fig. 4 and 5 to determine the proportion of mutant cells at a given number of cell generations and measuring growth constants for the various cell types. According to this model, inversion of pmt-Al (Fig. 5 ) occurred at rates higher than 2.4 x 10-when promoted by wild-type polyomavirus or SV40 T-Ag. Similar rates were obtained for correction of pmt-Al by gene conversion or crossover, whether they were promoted by wildtype polyomavirus or by its replication-defective mutants (e.g., Fig. 4C ). (19, 20, 26) . The same studies also find that gene conversion in mammalian cells occurs more frequently than reciprocal recombination. This may be why reconstitution of wild-typepmt by deletion of intervening sequences was not observed in our work. By contrast, the crossover frequency in the pBR322 repeats was high and probably reflected the difference in the amount of homology (1,080 bp in polyomavirus versus over 2 kb in pBR322). Recombination rates in mammalian cells also depend on other parameters such as the availability of contiguous uninterrupted homology (33) , the size of the insertion or deletion to be converted, the distance separating the interacting sequences, and the site of integration in the genome (26) .
DISCUSSION
Role Although Hy5 undergoes a variety of recombination events, amplification of the insert has not been observed even in the presence of a large T-Ag active in the initiation of viral DNA synthesis. The reasons for this are not completely understood. A possibility may be the absence of selection, although amplification of the pmt insert does not seem to confer any selective advantage in Hy2 (31). The structure or configuration of the insert also may be critical in determining by which pathway homologous sequences will recombine in a given cell line. For example, Hy2, which essentially differs from Hy5 by the position of the viral replication origin, undergoes amplification by successive duplications of a discrete sequence within the insert (31) . We interpret the lack of amplification as arguing against a role for an onionskin structure in the recombination pathway mediated by large T-Ag in Hy5.
Another argument against an onionskin structure is that all recombination events in Hy5 are promoted by polyomavirus large-T-Ag mutants defective in the initiation of viral DNA synthesis. One could surmise that if these mutants had retained some undetectable activity, they could occasionally activate replication at the viral origin and yield recombination products detectable by selection. One expects, however, any significant impairment in replication activity to translate into some reduction in recombination rates, yet both 13val and dl13 promote recombination with wild-type rates. Furthermore, recombination can be observed in cells transformed by SV40 without selecting for polyomavirus transformants. We conclude, therefore, that large T-Ag promotes homologous recombination in Hy5 by a mechanism other than the activation of unscheduled replication. The nature of the replication defect in 13val and dll3 is not yet understood. By analogy with SV40 (12) , it is possible that they fail to interact with DNA polymerase a-primase. We propose that despite their inability to initiate replication, 13val and dll3, as well as SV40 T-Ag, are able to recognize the polyomavirus replication origin and unwind duplex DNA, thereby promoting high-frequency recombination between homologous sequences.
Homologous recombination and abnormal karyotypes. Another study has shown that the transfer of plt into rat fibroblasts induces an increased frequency of homologous recombination and the appearance of abnormal karyotypes (18) . The same phenomenon has been observed with SV40, c-myc, and functionally related oncogenes, which suggests that immortalizing oncogenes may contribute to the transforming process by increasing genome instability (7) . Both polyomavirus and SV40 T-Ags yield a recombination product in Hy5 that is compatible with some abnormal karyotypes observed in transformed cells. Figure 8 shows how the structure depicted in Fig. 6B 
